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Abstract. A study of the gas content in 1038 interacting galaxies, essentially selected from Arp, Arp and Madore, 
Vorontsov-Velyaminov catalogues and some of the published literature, is presented here. The data on the in- 
terstellar medium have been extracted from a number of sources in the literature and compared with a sample 
of 1916 normal galaxies. The mean values for each of the different ISM tracers (FIR, 21 cm, CO lines, X-ray) 
have been estimated by means of survival analysis techniques, in order to take into account the presence of upper 
limits. From the data it appears that interacting galaxies have a higher gas content than normal ones. Galaxies 
classified as ellipticals have both a dust and gas content one order of magnitude higher than normal. Spirals have 
in most part a normal dust and HI content but an higher molecular gas mass. The X-ray luminosity also appears 
higher than that of normal galaxies of same morphological type, both including or excluding AGNs. We considered 
the alternative possibilities that the molecular gas excess may derive from the existence of tidal torques which 
produce gas infall from the surrounding regions or from a different metallicity which affects the X conversion 
factor between the observed CO line luminosity and the H2 calculated mass. According to our tests, it appears 
that interacting galaxies possess a higher molecular mass than normal galaxies but with a similar star formation 
efficiency. 
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^ ■ 1. Introduction Inside galaxies, gas is expected to reflect the effects of 

the interaction more strongly than stars. A recent study 

It is known that interactions between galaxies and en- on the interste llar medium (ISM) in 104 peculiar galaxies 

. vironment play an important role in determining the teett ' m ~ ef oi .|| 2 r1oiri shows that polar ring galaxies have 

internal galaxy str ucture. Gas accretion may pro duces , , At •* j v,- +v. 1 

J 1 1| — 1 a gas content one order ot magnitude higher than normal 

central black holes (Kormcndv and Richstone 1995), po- T u . , , , . . , 

1 ; ^ • ones. In many cases, the higher gas content is visible even 

ar rings ( itmOTe_e^ ii ^J_|_OI] — or counter rotations ^ i n ^ erac ^i on w ith the environment has ceased for long 

( Gallettalll99rllCorsini fc Bertolall 19981) . Cxas stripping in time 



clus ters may deplete a sp iral galaxy transforming it into an 
SO l|Dressler et alJll997|) . while massive collisions may de- 
stroy the whole galaxy structure creating giant triaxial el- 
lipticals ijBendo fc Barnesll2000|) . According to numerical 

models, bars and rings ma y also be generated b y a close en- , . . . , . , . , 

. , . rr— ; , T ■ those galaxies where interaction is currently ongoing, such 

counter between galaxies Athanassoula 2002 . Interaction , . , . , , rr ~ — — — 

_ ,, , ~. , — r as some systems contained m the Vorontsov- Vclvammov 



We wonder if a peculiar gas content is detectable in 



also affects o ther galaxy properties su c h as the star for- fl^fi and krn fc Mador a 1 lllbsj catalogues 

mation rate (Sanders & Mirabel 1996: Solomon $z Sage TT £ , . rmoo i_ • 

19881 ICombes et all 
infrared luminosity. 



— — | rr , ' A . ., ' : ^ Here we present the results of a selection of 1038 objects 

1988: Combes et al. 1994), visible as a strong increase of , . , , , , t-, ,, , . , , 

extracted from these catalogues. .bor these galaxies data on 



dust, HI, molecular gas and X-ray luminosities are avail- 
Send offprint requests to: G. Galletta ablc in thc literature. The properties of the different com- 
* Table 1 is only available in electronic form at the CDS ponents of the interstellar medium are studied here and 
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via compared with thos e of a sample of 1916 normal galaxies 
|http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A71 l|Bettoni et oi.ll2003j) . 



2 



V. Casasola et al.: Interacting Galaxies 



Table 2. Number of interacting galaxies observed (N) 
and detected (N^) according to the different ISM tracers. 
The column labeled 'All' represents the number of galax- 
ies present in each morphological type bin. The type 11 is 
assigned here to galaxies whose structure is not attributed 
to a specific morphological type in LEDA. 







All 


Dust 


HI 


Mol 


X-ray 


Type 


t 




N/N d 


N/N d 


N/N d 


N/N d 


E 


-5 


22 


15/8 


12/7 


3/0 


13/11 


E + 


-4 


21 


18/12 


6/3 


3/1 


11/10 


E/SO 


-3 


18 


13/9 


9/5 


4/1 


9/4 


SO 


-2 


47 


36/31 


21/14 


8/2 


11/7 


S0 + 


-1 


40 


35/31 


18/15 


3/2 


4/1 


SO/a 





36 


31/25 


14/14 


7/4 


3/1 


Sa 


1 


82 


75/71 


44/41 


12/12 


9/5 


Sab 


2 


78 


67/63 


42/42 


10/9 


6/3 


Sb 


3 


142 


128/127 


75/72 


29/23 


8/5 


Sbc 


4 


177 


169/164 


68/64 


16/15 


10/8 


Sc+S? 


5 


148 


129/124 


89/87 


19/17 


10/3 


Sc 


6 


74 


63/58 


50/48 


12/11 


8/2 


Scd 


7 


33 


31/30 


20/20 


4/4 


5/4 


Sd 


8 


30 


23/20 


26/26 


4/2 


2/1 


Sm 


9 


30 


22/19 


25/24 


10/6 


4/3 


Irr 


10 


35 


23/23 


30/29 


5/5 


4/3 


? 


11 


25 


22/21 


7/7 


4/4 


1/0 


Total 




1038 


900/836 


556/518 


153/118 


118/71 



2. Data extraction 

Our first effort was to define a list of galaxies appearing to 
be clearly interacting with nearby objects and presenting 
tidal tails or bridges. Merging systems and galaxies with 
disturbed structures have also been included in our sam- 
ple. The first catalogues of galax i es of t hi s kin d were com- 
piled by IVorontsov-Yelvaminovl (|l959lh lArnl (^966) and 
lArn fc Madorel l|l987lh These three catalogues represent 
almost the totality of our sample galaxies. However, all 
the above catalogues also contain objects that have been 
considered peculiar by the authors because of an unusu- 
ally low surface brightness or the presence in a elongated 
group or chain of galaxies. The morphology of these galax- 
ies do not seem to be directly connected with tidal per- 
turbation and have been discarded from our sample. Wc 
also removed from the sample galaxies such as NGC 5128 
(Cen A or Arp 153) because they belong to the category 
of polar ring ellipticals, whose gas content has alread y 
been discussed in a precedent study l)Bettoni et a/jEofTlh . 
Similarly, all the galaxies containing gas- or star- counter- 
rotation have been removed. For 81 objects no distances 
have been found in the literature and for a further 486 
galaxies no data are available on gas content. These galax- 
ies have also been discarded. Among the 596 Vorontsov- 
Velyaminov galaxies we selected 395 systems only, while 
from the 560 Arp and 6445 Arp & Madore objects we 
selected 341 and 557 galaxies respectively. Finally, 27 
more galaxi es not inclu d ed in the previous catalogues were 
added from IZhu et alJ i|l9991) work. Our final sample is 



composed of 1038 galaxies whose appearance seems to be 
perturbed by an external agent. The data on these galax- 
ies are presented in Table 1, available in electronic form 
only. In the case of interacting pairs and triplets whose 
components appear detached, both components have been 
included. 



To analyze the ISM of these sample galaxies, 
we searched in the literature for survey papers (e.g. 



iKnapp et oiJll9 


89: Roberts et oiJll99lUCasoli et oiJll998: 


Fabbiano et al. 1992; Burstcin et al. 1997; Bcuing et al. 


1999; 


lO'Sullivan et ali 


2001) and single studies in four 



different tracers: warm dust from 60 and 100 fim ob- 
servations; atomic gas from 21 cm data; molecular gas 
from CO line observations and X-ray luminosities from 
Einstein and Rosat satellite obse rvations. Many data come 
from LEDA 1 galaxy catalogue l|Paturel et aZJ fl99^) and 
from the NASA/IPAC extragalactic database (NED 2 ). 
The list of sample galaxies has been compared with the 
IVeron-Cettv fc Veronl l)2003h catalogue, to check the even- 
tual presence of active galaxy nuclei ( AGN) . The number 
of galaxies with data (detections and upper limits) and 
the number of detections only are listed in Tabled) binned 
according to the morphological type. 

To homogenize all these data, we reduced the pub- 
lished values to the distances extracted from a single 
source, the LEDA on-line archive. The LEDA distance 
moduli are mainly derived from redshifts, corrected for 
Virgocentric inflow and adopting H o =70 km s _1 Mpc -1 . 
When redshift was not available, we used the photometric 
distance modulus, if present. For each galaxy we also col- 
lected the morphological classification, the diameter and 
the blue luminosity, corrected for cosmological reddening 
and galactic- and internal- dust absorptions. The blue cor- 
rected luminosity L# in solar units and the square of the 
face-on corrected diameter in kpc Log D 2 were used as 
normalization factors for the gas masses and the X-ray lu- 
minosities. However, due to the similarity in the results ob- 
tained with one or other normalization factor, we present 
only the data normalized to L^. 

T he LEDA morphological ty pe t codes derive from 
RC3 ijde Vaucouleurs et alJll99l|) with some changes, as 
visible in our Tables [21 and Type 5 includes systems 
with uncertain classification (type S?). In our sample 25 
galaxies are unclassified in LEDA. We attributed the mor- 
phological type code t=ll to these systems in order to 
plot them in our graphs as well. We remember that the 
morphological classification may be misleading for very 
perturbed objects, and when present in interacting galax- 
ies reflects the present-day observed morphology and not 
the original one. The difference we found in the compar- 
ison with normal galaxies then will reflect the difference 
between the present, may be transient, morphology and 
that of a stable galaxy with similar appearance. 



1 http://leda.univ-lyonl.fr/ 

2 http://nedwww.ipac.caltech.edu/ 
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2.1. Mass estimates 

We have estimated total gas masses and/or luminosities 
following standard procedures. From the value of the IR 
fluxes at 60 and 100 /xm we estimated the temperature 
(Kelvin) of the dust emitting at such a wavelengths: 



T d = 49 (S 60 /S W0 ) 



0.4 



(1) 



and the corresponding warm dust mass, in solar units, 
by means of the expression: 



Log M d = -2.32 



Log Sioq + 2 Log d 
^144.06" 



Log (exp 



1) 



(2) 



In the above formula, Siqq is in mJy and d in Mpc. 

HI gas masses were derived from 21 cm fluxes S21 or 
from the m2i c corrected magnitudes of LEDA. From ni2i c , 
we used the expression: 



Log M HI = 5.37 - 0.4(m 2 i c - 

whereas if S21, in Jy km s _1 
formula: 



17.4) + 2 Log d (3) 
was available we used the 



Log Mhi = 5.37 + Log S21 + 2 Log d 



(4) 



For 71 galaxies that are in close interaction or merging, the 
IR or 21 cm emission is attributed to the whole pair and 
not to a single galaxy in the literature. For instance, PGC 
37967 and PGC 37969, making part of the object called 
'The Antennae', have no IR data from 12 to 100 jxm visible 
in NED or LEDA catalogues. However, these data appear 
when the databases are searched with the name of the 
whole pair, ARP 224 or VV245. To manage these galaxies, 
we decided to calculate from the IR data the total warm 
dust mass of the pair. This total mass was normalized by 
the total absolute blue luminosity of the pair or the total 
area by adding the values of both components. So the 
values of both components of the pair appear identical in 
Tab. 1. These spatially unresolved data were not used to 
define the mean values in the following statistical analysis, 
due to the difficulty in attributing the masses to every 
single object. 

The formula used to derive molecular gas masses from 
CO(1-0) line fluxes (Sco in Jy km s _1 ) is: 



Log M„ 



4.17 + 2 Log d + Log S C o 



(5) 



We implicitly assumed a constant CO/H2 conversion fac- 
tor X = N(H 9 )/In n= 2.3 10 20 mol cm" 2 (K km/s)" 1 
ijStrong et al\ll98 S): M mo i includes the helium mass frac- 
tion by multiplying the H 2 mass by 1.36. A possible vari- 
ation of the CO-H2 conversion factor X will be discussed 
later. 

X-ray luminosities may derive from diffuse gas and/or 
from discrete sources. Very recent observations with the 
Chandra satellite indicate there is the possibility for some 
galaxies that X-ray fluxes are 'contaminated' by the pres- 
ence of X-ray binaries which must be tak en into account in 
discussing the ISM physical properties I Kim fc Fabbianol 



120031) . We shall discuss the data according to the different 
models. 

When no observed fluxes but only mass values were 
available in the consulted references, these have been 
scaled to the distances assumed here. If data from dif- 
ferent sources are available for a galaxy, mean values have 
been calculated. When both upper limits and detections 
are available, only detections have been used to compute 
mean values. Moreover, if several upper limits exist, only 
the lowest value has been adopted. 

In order to define the mean content of each tracer 
according to the morphologi cal type, we made use o f 
survival analysis methods fsee iFeieelson fc Nelsonlll985|) . 
This method takes into account both detections and up- 
per limits (UL) to derive representative averages. Our sur- 
vival analysis was performed by means of the statistical 
package available in IRAF, using the Kaplan-Meier esti- 
mator. Mean values and errors listed in Table |3] derive 
from survival analysis of our data. When all the galax- 
ies are detected, the survival analysis means coincide with 
arithmetic means. Conversely, the method cannot be ap- 
plied when both upper and lower limits are present, for in- 
stance when considering the mass ratios (e.g. M mo ;/Mffj). 
In such a case, we present ratios of mean values. No sur- 
vival analyses were made for unclassified galaxies (our 
type t=ll). 

2.2. Star formation 

The production of stars inside strongly interacting sys- 
tems may be enhanced during the close encounter or the 
merging of galaxies. Massive, newly born stars heat the 
dust and increase the infrared luminosity I Lonsdale et all 
Il984h . Several authors estimated the star formation rate 
SFR, which is directly proport ional to the bolometric (40- 
100 Mm) IR luminosity Lp fB llThronson fc Telesco | [l986: 
ISolomon fc Sagelll988t iDevereux fc Younelll99l\ calcu- 
lated from the fluxes Seo and Sioo- In LEDA catalogue, 
the entity of infrared emission is defined by the quantity 
niF/i?: 



m FIR = -2, 5 Log (2.58 S 60 + S wo ) + 14.75 



(6) 



We collected the mpm values from LEDA catalogue 
for the sample of interacting galaxi es and for the compar - 
ison sample of normal galaxies of iBettoni et al\ l)2003|) . 
These values give a direct estimate of the star formation 
in the two kinds of galaxies, when corrected for the galaxy 
distance d, to give an absolute FIR luminosity 



Lfir = 11.49 - 0.4 m FIR + 2 Log d 



(7) 



FIR luminositiesa are plotted in Fig.OOthat is discussed 
in the next section. 

Another parameter describing the stellar formation is 
the star formation efficiency, SFE, indicating how much 
stars are produced by a unit of molecular mass. This value 
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Fig. 1. Histograms for absolute blue magnitude (left panel) and morphological type code (right panel) of interacting 
galaxies (full lines) compared to that of normal galaxies (dotted lines). 



may be estimated dividing the FIR luminosity by the total 
mass of molecular hydrogen: 

SFE = L FIR /M(H 2 ) (8) 

The more efficient a galaxy is in forming stars, the 
shorter the time for all the gas to be converted into 
stars, apart from possible recycli ng of mass through super - 
novae explosion or cooling flows l)Solomon fc Sage"lll988h . 
Several authors indicate that strongly i nteracting galaxies 
are a l so more efficient in f orming stars ijSolomon fc Sage"! 
Il988l ICombes et aPll994|) . To study this effect, we plot- 
ted the values of Log(SFE) for both samples of galaxies 
in Figure El We note that the value of M(H2) depends on 
two parameters: the observed CO line intensity and the as- 
sumed X conversion factor. Physically, X is determined by 
various facto rs, among which the metallicity and the tem - 
perature fsee lMafonev fc Black 111 988HBoselli et aLll2002|) . 
Generally galaxies with a lower metallicity have a X fac- 
tor higher. However, we don't know the metallicity of our 
sample galaxies and our estimates of H2 masses or SFE 
values depend from how much the assumed X value differs 
from the true X of each galaxy. In the literature, measured 
X values found in different type o f galaxies span two order 
of magnitudes (see|Bpsclli 2001), being both higher and 
lower than our assumed value. As consequence, our calcu- 
lated H2 masses will be lower than real if the true X value 
for each galaxy is higher than assumed, and higher than 
real if it is lower than the assumed value. The same happen 
for calculated SFE values. The spread of /i?/M(H2)data 
visible in Figure may reflect both the effect of a differ- 



ent metallicity or temperature and that of a real different 
stellar formation efficiency. 

3. Properties of Interacting Galaxies 

The final data presented in Table 1 are: (1) PGC number; 

(2) Other names of the galaxies, mainly Arp, AM or VV; 

(3) morphological type code t; (4) Distance in Mpc; (5) 
log D, the logarithm of Diameter in Kpc; (6) log Lb, log- 
arithm of the blue luminosity; (7) log Mdust/^B, the dust 
content normalised to blue luminosity; (8) log Mhi/Lb, 
the HI content; (9) log M mo //Ls, the molecular gas con- 
tent; (10) log Lx/Lb, the normalised X ray luminosity; 
(11) log Lfir, the FI R luminosity; (12) the presen ce of 
activity, extracted from lVeron-Cettv fc Veronl ((2003) cat- 
alogue, indicated with an 'a'; (13) the code for the ref- 
erences to the table values, as specified in the Appendix. 
Masses and luminosities are in solar units. 

In the following discussion we compare the mean prop- 
erties of different gas tracers in our sample with that for a 
sampl e of 1916 normal galaxies published bv lBettoni et all 
(2003). The distributions of galaxies in the two samples, 
in function of absolute magnitudes and morphological 
types, are shown in Fig. {!] Among the interacting galax- 
ies considered here, the percentage of early-type galax- 
ies is very small, the 15.4% of the total, while the sam- 
ple of normal galaxies has half of systems with t<0 (see 
Fig. [3 ■ However, most part of our comparison will be 
made separating the galaxies according to the morpholog- 
ical type code, so keeping into account this difference. A 
Kolgomorov-Smirmov (KS) test performed on the lumi- 



V. Casasola et al.: Interacting Galaxies 



5 



Table 3. Mean Mass to light ratios of interacting galaxies for the different tracers, binned according the morphological 
types. For X-ray data, the corresponding luminosities are considered instead of the masses. All values are normalized 
to L^, the corrected blue luminosities and are in solar units. The values have been obtained with survival analysis 
technique. 







Dust 


HI 


Mol 


X-ray 


<mol>/<HI 


Type 


t 


Log M/L s 


Log M/L s 


Log M/L s 


Log L x /L B 




E 


-5 


-4.55±0.17 


-1.23±0.33 


- 


-3.13±0.14 


- 


E + 


-4 


-4.90±0.28 


-1.53±0.52 


-2.70± - 


-2.91±0.18 


-1.16±0.52 


E/SO 


-3 


-4.92±0.27 


-0.82±0.18 


-2.17±0.67 


-3.50±0.23 


-1.36±0.69 


SO 


-2 


-4.19±0.13 


-1.11±0.24 


-2.24±0.30 


-3.25±0.27 


-1.14±0.38 


S0+ 


-1 


-3.70±0.12 


-0.81±0.12 


-0.68±0.02 


-3.37±0.38 


0.13±0.12 


SO/a 





-3.83±0.08 


-0.68±0.14 


-0.94±0.13 


-3.23± - 


-0.26±0.19 


Sa 


1 


-3.75±0.04 


-0.78±0.08 


-0.55±0.15 


-3.10±0.39 


0.23±0.17 


Sab 


2 


-3.76±0.05 


-0.81±0.06 


-0.71±0.15 


-3.72±0.25 


0.09±0.17 


Sb 


3 


-3.64±0.04 


-0.61±0.05 


-0.78±0.14 


-3.47±0.19 


-0.18±0.15 


Sbc 


4 


-3.66±0.03 


-0.55±0.05 


-0.66±0.11 


-2.98±0.30 


-0.11±0.12 


Sc+S? 


5 


-3.76±0.03 


-0.54±0.04 


-0.61±0.09 


-3.58±0.20 


-0.07±0.10 


Sc 


6 


-3.71±0.08 


-0.39±0.06 


-1.19±0.19 


-4.43±0.30 


-0.81±0.20 


Scd 


7 


-3.88±0.07 


-0.52±0.08 


-1.07±0.25 


-3.52±0.27 


-0.55±0.26 


Sd 


8 


-3.94±0.09 


-0.22±0.12 


-1.41±0.31 


-3.56±0.05 


-1.19±0.33 


Sm 


9 


-3.94±0.14 


-0.25±0.10 


-1.78±0.37 


-3.60±0.28 


-1.53±0.38 


Irr 


10 


-4.07±0.09 


-0.28±0.10 


-1.07±0.32 


-2.61±0.63 


-0.79±0.34 



nosity and linear diameter functions shows that N(Mg) 
andN(Log D 2 ) are significatively different in the two sam- 
ples. The same test indicates that the distributions are sta- 
tistically similar if the interacting galaxies histograms are 
shifted by AM S =0.5 and A(log D 2 )=0.1 with respect to 
that of normal galaxies. In other words, interacting galax- 
ies appear brighter by 0.5 mag and larger by the 25% with 
respect to the normal galaxies. Both differences may de- 
rive from the effects of the interactions. 

The mean values of gas content obtained with survival 
analysis for each tracer (dust, HI, molecular gas, X-ray) 
and for each morphological type are presented in Table 
and Fig. [5] We tested the statistical significance of the 
differences found between interacting and normal galaxies 
samples applying a T-test to the mean values and an F- 
Test to the variances. The significance of the single values 
has also been checked by a \ 2 test, assuming the values 
of normal galaxies as expected values. The results of all 
these tests are presented in Table 0] 

Due to the different behaviour of galaxies with differ- 
ent t, we decided do not make the comparison between the 
two samples mixing together galaxies of all morphological 
types, as sometimes seen in the literature. For statistical 
tests only, we separated galaxies in two large categories 
that present similar properties in all the tracers, as ex- 
plained in the next sections: early types (-5 > t >0) and 
late types (l>t>10). 

3.1. Dust and cold gas 

The FIR fluxes at 60 and 100 /im trace the warm dust 
content, at temperatures around 40 K. Most of the dust 
in galaxies is however colder, and can be studied analyz- 



ing the data from lon ger wavelength, from 100 to 200 fim 
l)Popescu et a^jEoO^ . Our sample galaxies possess data 
essentially from IRAS observations, so we shall discuss 
their dust mass keeping in mind that the total values may 
be one order of magnitude greater. Given that our com- 
parison with normal galaxies is made using similar data, 
our conclusions about the warm dust content should be 
consistent. 

Looking at the Log M-dust/^B values obtained with 
survival analysis for each morphological type (Fig. 
one can see that the warm dust content is quite similar 
to that of normal galaxies for types later than t=2 (Sab) 
but higher for early type galaxies. Early type interacting 
galaxies have in mean a warm dust content one order of 
magnitude higher than normal galaxies of the same type. 
According to statistical tests (Table 0} the significance 
of this difference is high: the two samples of early type 
galaxies have mean values that differ by more than 95% 
of significance. They show however a similar dispersion of 
values (F-test). Late types show on the contrary a lower 
difference between normal and interacting galaxies and 
the similarity in dust content is stronger if the comparison 
is restricted to type from Sab to Sd, excluding Irregular 
galaxies (see the third line of Table 0J). 

This excess of mass content seen in early type galax- 
ies is also evident for atomic gas (log M#//Ls, see Fig. 
Et) but does not seem to be present as far as the molecu- 
lar gas content is considered (log M mo ;/Ls, see Fig. |2i). 
The statistical tests show a significant difference for HI 
and a strong similarity for molecular gas. Ellipticals and 
SO galaxies (t<-f) have low values of Log M mo i/Ls with 
respect to the sequence of spiral galaxies, but are based 
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s 

° -2 



836 detections 
64 upper limits 




51 8 detections 
38 upper limits 




b) 



118 detections 
35 upper limits 




71 detections 
47 upper limits 




10 



Fig. 2. Comparison between mean values from Table 0] 
found for interacti ng galaxies and corr esponding means 
for normal galaxies l|Bettoni et alJ l2003). Bars represent 1 



in total on 10 detections only, compared to 71 detections 
for early type systems in the sample of normal galaxies. 

The mean Log M#j /L b for late type interacting galax- 
ies appears similar to that of normal ones to an higher 
statistical significance. For these types, the differences be- 
tween interacting and normal galaxies appear when log 
M mo //Ls is considered. The two samples show the same 
dispersion of values but mean molecular gas contents sig- 
nificantly different, being interacting galaxies richer than 
normal ones. 

In the literature, iHorellou fe Booth! l)l997|) find that 
the HI surface density in interacting galaxies, medi- 
ated over all the morphological types, is equal to 6.33± 
0.51 Mq Kpc~ 2 . This val ue is lower of that found by 
lHavnes fc Giovanellil l|l984f) for 'isolated' galaxies, corre- 
sponding to 6.81±0.24. In this latter sample most part 
of detected galaxies are of morphological type from Sa to 
later. On the contrary, our values of Log M^j/D^ show 




-a- - normal 
-* interacting 
-a — Casoli et al. 19 
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Fig. 3. The ratio between molecular and atomic gas ac- 
cording to the morphological type t. Mean ratios for inter- 
acting galaxies are compared wi th that of no r mal g alaxies 
and with the 'mixed' sample of lCasoli" et all l|l998h . 



that early type interacting galaxies have an higher HI 
content per Kpc 2 than normal, as seen for Log Mhi/Lb 
curves plotted in Fig. [2t>, while the values are similar for 
late-type. If wc mediate our values from survival analysis 
over the morphological types we obtain a mean value of 
Log MHJ/D25— 6.7 ±0.3, based on 518 detections and 38 
upper limits. This value increases to 6.9 ± 0.2 if types from 
Sa to Irr only are considered. On the contr ary, mediating 
all the Log Mhi /E>2 5 values published by iBettoni et all 
(2003) and based on 891 detections and 220 upper limits, 
wc find a mean Log M HI /Bj 5 value of 6.5 ± 0.62 that be- 
comes 6.8 ±0.2 if late type galaxies only are considered. 
Both val ues of normal galaxie s are c onsistent with that 
found by lHavnes fc Giovanellil l)l984h in their sample of 
288 detected galaxies. 

The change of the molecular/HI gas ratio with 
morphological type has been studied calculating (log 
<M mo />/<Mfl7>) from the mean values of log M TOO //Ls 
and log Mm /Lb of Table 01 The resulting mol/HI ra- 
tio appears very low for early- t ype systems, if comp ared 
with those of normal galaxies ijBettoni et q/.lE003|) and 
similar to them for types later than -2. Si milar low val- 
ues fo r early type galaxies were found by ICasoli et all 
(1998). Look ing at the papers cited as sources of their 
data (see in ICasoli et~M\l9Q$\ . we found that in their 
sample 126 galaxies out of 456 (28%) are peculiar, hav- 
ing disrupted structures (e.g. NGC 520) or polar rings 
(e.g. NGC 2685) or counter-rotations, all phenomena typ- 
ical ofjnteractipn with the environment. This means that 
the ICasoli et all l)l998h values are contaminated by the 
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Fig. 4. The X-ray luminosity (W m -2 ) versus the blue 
luminosity (solar units) for interacting galaxies. Active 
galaxies are represented as open circles. A bar under the 
circle indicates an upper limit. The lines represent the val- 
ues expected from hot discrete sources (dotted line) or hot 
diffuse gas (dashed-dotted line). The full line is the limit 
expected from steady-state cooling flows (see text for de- 
tails). Most of detected sources lie near the line of hot 
diffuse gas. 

presence of these peculiar galaxies and that early-type in- 
teracting systems really have lower mol/HI values with 
respect to non-interacting, normal galaxies. 

Resuming the above considerations, we find a differ- 
ence in the colder component of those interacting galaxies 
classified early-type (t<0) with respect to those classified 
as late-type (t>0): the first ones have dust and HI over- 
abundance, even with respect to their molecular gas, while 
the second are richer in molecular gas and are quite nor- 
mal, on average, for dust and atomic gas content. This 
behavior may be due to the characteristics of the interac- 
tion and the subsequent evolution of the g clS, (IS discussed 
later. 

The fact that interacting galaxies have a luminosity 
function brighter than normal ones, as visisble in Fig. ^ 
strengthen our conclusion on gas overabundances. In fact, 
the adopted normalisation factor Lb should reduce the log 
M/Lb for interacting galaxies, contrary to what observed. 

3.2. X-ray emission 

To study the component at higher energy of these 
galaxies, we analyzed the properties of the X-ray emis- 
sion and the presence of A ctive Galaxy Nuclei by the 
IVeron-Cettv fc Veronl <)2003h catalogue. Among our sam- 



ple galaxies, 71 or 7% are classified as AGN. This per- 
centage i s similar to that fo und for the sample of normal 
galaxies l(Bettoni et oil20r)^) . i.e. 8%, so in this respect the 
strongly interacting galaxies do not appear to be different 
from normal ones. In Figure [21 we note that the survival 
analysis mean values are always higher than that of nor- 
mal galaxies (including AGN). It is clear that many AGN 
have high values of Log Lx /L b , but looking at the single 
points, one can see that the rest of interacting galaxies 
also has higher log Lx/Lb values than normal galaxies, 
independent from the morphological type. 

To understand the origin of the emission, we plotted 
the log Lx of the single galaxies versus log L b and we com- 
pared the observed values with theoretical expectations. 
In the plot the representative points of galaxies hosting nu- 
clear activity are distinguished by open symbols. In Figure 
0] the lines corresponding to the X-ray emission foreseen 
for diffuse gas (labeled L sas ) and from discrete sources in- 
side the galaxy (Ldiscr) are plotted. In the first case, the 
X-ray luminosity would be proportional to the square of 
blue luminosity L b while i n the second one it would be di- 
rectly proportional to Lb l|Ciotti et qiJll99lh . Most of our 
non-AGN galaxies are clustered around the line expected 
from emission of diffuse gas. Their luminosity is lower than 
the values expected for cool ing flows (line labeled L nns ) as- 
sumin g a SN rate of 0.18 ijCappellaro. Evans. &: Turattol 
Both these aspects are consistent with the hypoth- 
esis that this X-ray flux derives from gas stripped from the 
galaxies by ram pressure during their motion or, alterna- 
tively, from gas emitted by SN winds in the intergalactic 
space. 

The origin of this gas has been s tudied in detail in 
the literature for some of our systems: iDavis et al\ l|l996f) 
found a diffuse X-ray emitting gas confined near the center 
of the NGC 2300 group (Arp 114) in addition to point 
sources localized on the single galaxies. The presence of 
diffuse gas in a comm on potential well is a feature vi sible 
in other galaxy pairs IjHenriksen fc Cousineaulll999|) but 
some cases (e.g. Arp 116 = NGC 4647/49) have X-ray 
emission coming from a single member of the pair only. 
Given the various X-ray morphologies, a common model 
in the origin of the X-ray emitting gas is difficult to apply 
to all our interacting galaxies. 

3.3. Star formation 

In spiral galaxies (and probably only in part in early-types 
galaxies) the FIR lumin osity is connected with the mas- 
sive star formation rate l|Devereux fc Hameed Ill997l) . An 
enhanced stellar formation in interacting galaxies, already 
known in the literature, is also visible in Figures [S] and |SJ 

In the first one, interacting galaxies often appear more 
luminous in infrared than normal ones, but with a large 
spread of values. High FIR luminosity is evident in those 
systems with no morphological classification (right edge of 
the Figure) . These latter are often systems with disrupted 
morphology, probably in a phase of strong merging, that 
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Table 4. Parameters of the statistical tests applied to 
our sample galaxies in comparison with normal ones (see 
text). Columns labeled P() represents the probability that 
the observed differences are statistically significants. 



Tracer 


Type 


x 2 


k 


P(X*) 


P(T-Test) 


P(F-Test) 


Dust 


early 


13.39 


5 


98.0% 


95.9% 


24.2% 


Dust 


late 


8.29 


9 


49.5% 


94.9% 


93.4% 


Dust 


Sab-Sd 








84.6% 


95.6% 


HI 


early 


16.58 


5 


99.5% 


98.7% 


54.6% 


HI 


late 


5.25 


9 


18.8% 


49.3% 


67.5% 


mol 


early 


19.47 


4 


99.9% 


2.7% 


65.4% 


mol 


late 


21.34 


9 


98.9% 


94.5% 


29.2% 


X-ray 


early 


14.95 


5 


99.0% 


97.6% 


37.3% 


X-ray 


late 


47.26 


9 


100.0% 


99.5% 


63.3% 
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Fig. 5. The absolute far infrared luminosities vs. morpho- 
logical type code of the single interacting galaxies (full 
circles) comp ared to th single nor mal galaxies include in 



circles; compared to tn sing le 
the sample of lBettoni et all |2 



appear to also be actively star-forming. We must note, 
however, that also normal galaxies (i.e. non-perturbed, 
with no polar ring or known kinematical decoupling be- 
tween gas and stars) may exhibit high values of star for- 
mation rate, even those classified as ellipticals. 

The star formation efficiency (Fig. 0) appears with 
a similar dispersion of values. Despite a higher FIR lu- 
minosity and star formation rate, the interacting galax- 
ies however do not seem to be more efficient in forming 
stars. The two distributions intersect together but with 
a clear deviation of interacting systems toward higher 
le vels of Lfvr. This effect is different from tha t found 



bvlSolomon fc Sage I (|l988lklHorellou et all l|l999h and by 
ICombes et all l|l994h which suggest, for interacting pairs, 




□ normal (317 gal.) 
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Fig. 6. The star formation efficiency per unit of molecu- 
lar gas mass, indicated by the ratio Li?/ij/M(H2), plot- 
ted vs. the far infrared luminosity. Interacting and normal 
galaxies appear to have similar ranges of values, even if 
interacting galaxies are more luminous in the infrared. 



an higher efficiency in forming stars than pa irs with larger 
separation. However, ICombes et dl (|l994h find that in 
their sample of paired galaxies log Li?/ij/M(H 2 ) does not 
change in function of the separation between components. 
The range of SFE values of our galaxies is larger than that 
of the previous authors and covers the differences found by 
them. This may explain our lack of differences between our 
samples of interacting and normal galaxies. In our data, 
even binning the interacting galaxies in groups of different 
separation (i.e. merging, semidetached components, sepa- 
rated components with tails or bridges, single galaxies), 
the plot of Figure El does not change and the groups have 
representative points mixed together. At the same time, 
there are no apparent dependences from the morphologi- 
cal type t, including the unclassified objects (t=ll). 



4. Conclusions 

The category of galaxies considered in this paper is a zoo 
containing several types of objects, going from galaxies 
observed during a close encounter (e.g. M51) to merging 
systems (e.g The Antennae) or galaxies relatively isolated 
but still perturbed after a past encounter (e.g. M82). The 
spread of values found here and in the literature may de- 
rives from the fact that different kind of perturbations 
generate different effects in galaxies. 

We find that the morphological type also have a role 
in determining the properties of these stellar systems and 
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that may be not correct to mix together interacting galax- 
ies of all morphological types. 

In addition, the comparison with the literature is 
complicated by the fact that very often authors use as 
'normal' galaxies a list of objects that contains known 
cases of peculiar gal a xies. For instance, in Table 3 of 
iDevereux fc Hameed I dl997l) is visible NGC 660, a dis- 
rupted polar ring galaxy, liavnes & Giovanellil \l984 in- 
clude several Arp and VV galaxies while ICasoli et all 
( 199^) present a sample containing many dynamically 
peculiar galaxies. The data of these papers have been 
used by other authors to deduce properties of peculiar 
galaxies in compari son with 'normal' one s. The sample of 
normal galaxies by iBettoni et all l|2003j) used here may 
also contains galaxies that in the future may be discov- 
ered as 'peculiar', but have been already cleaned by all 
the known cases of interacting and dynamically peculiar 
galaxies known. 

From our data, we see that interacting or disturbed 
galaxies have always more gas than normal ones, and that 
this gas is mainly in the form of atomic hydrogen in early 
type systems, while it is in molecular form for galaxies of 
latest types. All have a higher X-ray luminosity. Because 
of these differences, we shall discuss the early type sys- 
tems separately from the spiral ones, comparing our find- 
ing with that from literature. 

A galaxy that appears now as an elliptical may be in 
the final stage of a merging process, after the complete 
fusion of the stellar content of two galaxies. Alternatively, 
it may be a galaxy deprived of the gas because of a close 
encounter with a more massive one. In both processes, one 
may expect that the pre-existing gas in the two systems 
would be heated, with the conversion of molecular gas in 
atomic form and by the creation of an X-ray component. 
This scenario agrees with the higher HI and X-ray content 
found in interacting early type galaxies. 

A more complicated scenario appears from the data 
concerning galaxies classified as spirals. In these systems 
the mean HI and dust content seems to be similar to that 
of an unperturbed, normal galaxy of the same morpholog- 
ical type. In addition to the excess in X-ray luminosity, 
these galaxies seem to have a molecular gas content al- 
ways one order of magnitude higher that that of normal 
galaxies. There are two possible explanation for this effect. 

The first possibility is that during the collision the 
galaxies stimulate a gas inflow by means of gravitational 
torques, that enhance the CO luminosity because of a 
massive accumulation of molecular gas. T his hypothesis 
has been presented bv lCombes et all l|l99^ to explain the 
observed characteristics of a sample of 51 paired galaxies, 
whose interacting subsample appears more luminous in 
CO line than the remaining binaries with higher separa- 
tion. We tested the idea that the gas is simply exchanged 
by the two components of the same pair, enriching one of 
them and depauperating the other. We call these galaxies 
primary and secondary respectively. In our sample there 
are 179 galaxies in interacting pairs or triplets where the 
single galaxies are separated and have literature data at 



E -1 




81 pairs or triplets 
161 Del. + 8 U.L. 



24 pairs 

38 Det. + 10 U.L. 



Fig. 7. Distribution of the representative points for 179 
galaxies in pairs or triplets present in our sample for which 
detections or upper limits are available. The higher mass 
member (primary) is shown with a full diamond while the 
lower mass ones (secondary) are indicated with a cross. 



21cm or CO lines. Plotting in Figure El (upper panel) the 
values of log Mjjj/Lb of these galaxies only and iden- 
tifying with different symbols the primary and the sec- 
ondary member, one can see that spirals which are pri- 
mary members have -on mean- higher values than normal 
galaxies of same morphological type. On the contrary, the 
secondary members, of whatever morphological type, have 
values generally lower, below that of normal galaxies. This 
is in agreement with the idea that part of atomic gas has 
been transferred between them. However, this is not true 
when log M mo z/Ls values are considered (Figure lower 
panel): in this case, the primary members of the pair show 
an excess of molecular mass and the secondary members 
have in general values near or over the mean curve of nor- 
mal galaxies. We may suppose that less dense, atomic gas, 
may be exchanged during an encounter more easily than 
the molecular gas, condensed in clouds. The existence of 
a molecular mass excess in these paired galaxies is then 
difficult to explain supposing a simple transfer during the 
close encounter. 

The second, completely different possibility is that the 
molecular gas excess is not real but due to different phys- 
ical conditions inside the galaxy. In the totality of cases 
presented here the M mo ; is determined from CO line lu- 
minosities, transformed in solar masses adopting a X con- 
version factor, as explained in Section 12.11 This value de- 
pends on the metallicities or on the physical conditions of 
the molecular gas and in different kind of galaxies may as- 
sume a wide range of values (see the discussion in Section 
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12. 2[) . An overestimate of the molecular mass may derives 
by the assumption of a X factor lower than real, among 
the various possibility, the presence of gas of high tempera- 
ture may overestimate the H 2 mass. However, in some well 
known cases present in our sample, such as the already 
cited 'Antennae' or 'Atoms for Peace' (PGC 68612), be- 
lieved to be the result of a two spirals merger, the H 2 mass 
excess is accompanied by an HI mass excess. Similarly the 
'Whirlpool galaxy' M51 and its satellite (PGC 47404 and 
PGC 47413), show an excess of gas mass. In cases like 
these, we may think that the gas excess is real for the 
molecular component like it is for the atomic one. 

Another suggestion on the reality of the higher molec- 
ular masses comes from the analysis of the star forma- 
tion rates and efficiencies: interacting galaxies appear 
more luminous in the infrared (Fig. [SJ because of the 
high er number of newly fo rmed stars heating the dust 
jThronson fe Telesco l ll986h This higher star formation 
rate does not correspond to a different efficiency in star 
formation per unit of calculated H 2 mass. This may be 
explained if the higher star formation is simply due to a 
higher molecular gas quantity. Higher H 2 mass and con- 
centration in perturbed g alaxies was already suggested by 
iBraine fe Combesl l)l993|) . In our data, the large spread 
of data in Figure may indicate that the X conversion 
factor is different between galaxies but even in this hy- 
pothesis, the range of variation inside interacting galaxies 
does not appear different from that of normal, non inter- 
acting stellar systems. Our conclusion are different with 
the higher S FE found in interacting; galaxies by previ- 
ous authors llSolomon & Sage lllOSst ICombes et a/.lll994t 
iHorellou et a/.lll999h . As discussed before, their compari- 
son sample contains peculiar galaxies and the large spread 
of values found in our sample cover the differences found 
by them. We must conclude that, with the present data, 
our sample of interacting galaxies appears richer in molec- 
ular gas and in some cases also in atomic gas. 

It is not clear from where this mass excess originates. 
An excess of gas, both atomic and molecular, of one order 
of magnitude is known in the literature for another class 
of pe culiar objects: the polar ring galaxies ijBettoni et all 
2001). In that case, the matter forming the ring is ac- 
creted from outside. May this also be the case of interact- 
ing galaxies? 
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5. Appendix A: References to Table 2. 



code 


Source of data 


ISM 






tracer 


la 


Andrcani, Casoli & Gerin (1995) 


HI 


lb 


Andreani, Casoli & Gerin (1995) 


CO 


2 


Beuing et al. (1999 ) 


X-ray 


3 


Breeman et al. ( 1992") 


CO 


4 


Burstein et al. (1997) 


X-ray 


5 a 


Casoli et al. (1991) 


HI 


5b 


Casoli et al. (1991) 


CO 


6 


Casoli et al. (19981 


CO 


7 


Fabbiano et al. (1992) 


X-ray 


8a 


Horellou, Casoli & DuDraz (1995) 


HI 


8b 


Horellou, Casoli & DuDraz (1995) 


CO 


9 


KnaDD et al. ( 1989) 


IR 


10a 


Lavezzi et al. (1999) 


IR 


10b 


Lavezzi et al. (1999) 


HI 


10c 


Lavezzi et al. (1999) 


CO 


11a 


LEDA (Paturel et al. 1997) 


IR 


lib 


LEDA (Paturel et al. 1997) 


HI 


12a 


NASA/IPAC Extragalactic Database (NED) 


IR 


12b 


NASA/IPAC Extragalactic Database (NED) 


HI 


12c 


NASA/IPAC Extragalactic Database (NED) 


X-ray 


13 


O'Sullivan et al. (2001) 


X-ray 


14a 


Roberts et al. (1991) 


IR 


14b 


Roberts et al. (1991) 


HI 


14c 


Roberts et al. (1991) 


CO 


14d 


Roberts et al. (1991) 


X-ray 


15a 


Sage 1993 


HI 


15b 


Sage 1993 


CO 


16 


Van Driel et al. (2000) 


HI 


17a 


Welch fc Sage (2003) 


HI 


17b 


Welch & Saee (2003) 


CO 


18 


Wiklind. Combes & Henkel (1995) 


CO 


19 


Young et al. (1995) 


CO 


20 


Zhu et al. (1999) 


CO 



